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0'.)*! 7*).%,! '/! %.,'&%*5! 3)/%-#/!]',1! .-! /-*'Y! (-&%9!E**! ,1%! 7&-(%//%/! '.4-*4%Y! '.! ,1%!
Y'&%(,!(-**)7/%!,1%-&5!Y-!.-,!%67*)'.!,1%!)[#.Y).(%!-0!1%)45!%*%$%.,/!-.!2#7',%&!]',1!
&%/7%(,! ,-! ,1%! /-*)&!)[#.Y).(%9!E/!)! (-./%d#%.(%! ,1%!Y'&%(,! (-**)7/%! /%%$/! ,-![%! ,1%!
*%//!7&-[)[*%!,1%-&5!0-&!,1%!2#7',%&!0-&$),'-.!WG#.'.%"%+"-1:\!CBBMX9!
=1%!.#(*%),%Y! './,)['*',5! ,1%-&5!157-,1%/'c%/! ,1),!)! ,%&&%/,&')*!7*).%,!%$[&5-! 0-&$%Y!
'.!,1%!2#7',%&!&%3'-.!-0!,1%!/-*)&!.%[#*)9!=1%!$)//!-0!,1%!7*).%,!%$[&5-!1)Y!,-!3&-]!,-!
















=1%! ,%$7%&),#&%!-0! ,1%! '.,%&'-&! '/!.%)&*5!CB!BBB!_! &%/#*,!-0! ,1%! ,&)./0-&$),'-.!-0! ,1%!
.%[#*)! 3)/! 3&)4',),'-.)*! %.%&35! '.,-! 1%),! [5! $%)./! -0! (-.,&)(,'-.9! =1%! (-.,&)(,'-.!
7&-(%%Y/!),!)!&),%!-0!I!($!7%&!5%)&!,1%!'.,%&'-&\!]1'*%!,1%!'.,%&'-&!'/!(--*'.3!),!)!&),%!-0!8!
_!7%&!$'**'-.!5%)&/9!=1%!(--*'.3!).Y!(-.,&)(,'-.!7&-(%//!'$7*'%/!)!0*#'Y!'.,%&'-&!/'.(%!',!
()#/%/! )! /'3.'0'().,! '.,&'./'(! %.%&35! 0*#6\!Y%$-./,&),%Y![5! ,1%! 0)(,! ,1),! 2#7',%&! %$',/!
$-&%! %.%&35! ,1).! ',! &%(%'4%/! 0&-$! ,1%! /#.\! ).Y! (-.4%(,'4%! $-,'-./! '.! $-/,! -0! ,1%!
'.,%&'-&!W@)3%.)*"%+"-1:\!CBBMX9!
=1%! (-.4%(,'4%!$-,'-./! )&%! &%/7-./'[*%! 0-&! ,1%!1-$-3%.%',5!-0! ,1%!7*).%,! ).Y! ()#/%!
,1%!'.,%&.)*!Y5.)$-!3%.%&),'.3!,1%!%6,%&.)*!$)3.%,'(!0'%*Y!W@)3%.)*"%+"-1:\!CBBMX9!
2#7',%&!(-$7-/','-.!(*-/%*5!&%/%$[*%/!,1%!+#.9!=1%!$)'.!Y'00%&%.(%!'/!,1%!)[#.Y).(%!-0!
1%)45! %*%$%.,/9!f1'*%! ,1%! +#.! -.*5! 1)/! ,1%! Cj! -0! ',/! $)//! '.! %*%$%.,/! -,1%&! ,1).!
15Y&-3%.! ).Y! 1%*'#$\! 0-&! 2#7',%&! $-Y%*/! &%,#&.! ).! )[#.Y).(%! -0! 1%)45! %*%$%.,/!
&).3'.3!0&-$!Ij!,-!8Ij9!J)*0!-0!,1'/!$)//!'/!/#77-/%Y!,-![%!-653%.\!]1'(1!'/!,1%!,1'&Y!
$-/,! Y'00#/%! /7%('%/! '.! ,1%! #.'4%&/%9! E.! '$7-&,).,! $%)/#&%$%.,! .%(%//)&5! ,-!















=1%! ]1',%! [).Y/! )&%! ()**%Y! T#(%&! ]1'*%! ,1%! Y)&e! -.%/! )&%! ()**%Y! ;%1+&9" =1%! $#,#)*!
'.,%&)(,'-.! [%,]%%.! ,1%! [).Y/! 3%.%&),%/! /,-&$/! ).Y! ,#&[#*%.(%\! ]1'(1! $).'0%/,! )/!
-4)*/! -.! ,1%! 7*).%,! /#&0)(%9! =1%! c-.)*! [).Y/! /1-]! ).! )..#)*! 4)&'),'-.! -0! ]'Y,1\!
'.,%./',5!).Y!(-*-&![#,! &%$)'.! /,)[*%!-.! *)&3%&! ,'$%/()*%/9!H'00%&%.,!157-,1%/%/!1)4%!
[%%.! 0-&$#*),%Y! -.! ,1%! %6,%./'-.! '.! Y%7,1! -0! ,1%! [).Y%Y! /,&#(,#&%! W;.3%&/-**" %+" -1:\!
CBBMX9!!
;.! ,1%! ,&)Y','-.)*!4'%]\! ,1%!]'.Y/!)&%!/1)**-]9!=1%!c-.%/!).Y!-4)*/\!]1%&%! ,1%!(*-#Y!
Y%(e! '/! 1'31%&\! )&%! 0%),#&%/! ]%&%! ,1%! )'&! '/! ])&$%&! ,1).! '.! ,1%! /#&&-#.Y'.3! /)$%!








-.! (-./,).,! 7&%//#&%! /#&0)(%/\! ,1%! ]'.Y/! (-#*Y! [%! ,1%! %6,%&.)*! $).'0%/,),'-.! -0!








7&%/%.(%!-0!)! ,1'.!]),%&! (*-#Y/! *)5%&![%*-]! ,1%!)$$-.')! (*-#Y/9!=1%!]),%&!7-*)&',5!









=1%! 2#7',%&Z/! '..%&! $).,*%! '/! (-$7-/%Y! [5! $%,)**'(! (-.Y#(,'4%! 15Y&-3%.! #.Y%&!
(-.4%(,'4%! $-,'-.9! E! Y5.)$-! %00%(,! (-.4%&,/! 7)&,! -0! ,1%! %.%&35! '.4-*4%Y! '.! ,1%!
(-.Y#(,'4%! $-,'-.! '.! ,1%! %.%&35! .%(%//)&5! ,-! (&%),%! )! $)3.%,'(! 0'%*Y9! =1%! $-&%!























=1%!(-%00'('%.,/! gnm !).Y! hnm !)&%!()**%Y!$)3.%,'(!$-$%.,/9!
$. +. gnm . hnm .
8! B! !M9CBT! B9BBB!
8! 8! UB9NNB! !B9CN8!
C! B! UB9BIM! B9BBB!
C! 8! UB9PSR! UB9CRM!
C! C! !B9MTI! !B98BP!
I! B! n! B9BBB!
I! 8! n! n!
I! C! !B9CNI! !B9NRS!












,1),! ',! Y%&'4%/! $#(1! -0! ',/! 7*)/$)! '.,%&.)**5! 0&-$! ,1%! $--.! ;-9! f',1-#,! ,1%!
(-.,&'[#,'-.!-0! ,1%! ;-!7*)/$)! ,1%!$)3.%,-/71%&%!]-#*Y!%6,%.Y!-.*5!#7! ,-!.%)&*5! MC!
2#7',%&!&)Y''!W_1#&).)"%+"-1:\!CBBMX9!
+'.(%! 2#7',%&!1)/!.-!/-*'Y!/#&0)(%\! ,1%!&-,),'-.)*!7%&'-Y!-0! 2#7',%&! '/!Y%,%&$'.%Y!0&-$!
,1%!&)Y'-!%$'//'-.!),!Y%()$%,&'(!-&!Y%('$%,&'(!])4%*%.3,1/! 0&-$!,1%!7*)/$)!,&)77%Y!
'.! ,1%! 2#7',%&Z/! $)3.%,'(! 0'%*Y9! +-$%! -0! ,1%! &)Y'-! /-#&(%/! )&%! 0'6%Y! ]',1! &%/7%(,! )!



























>D. UT9SPI 8BUI! n!
>G. N9CSI 8BUM! n!
>=. UM9P88 8BUS! n!
>U. I9NM8 8BUN! n!
DR. UC9TPI 8BUP! n!
DD. C9IBM 8BUT! n!
DG. U89TPI 8BUR! n!
D=. 89SIM 8BU8B! n!
DU. U898SM 8BU88! n!




















;.! )YY','-.! ,-! ,1%! &-,),'-.! -,1%&! 0)(,-&/! '.,%&4%.%! '.! ,1%! Y%0'.','-.! -0! ,1%!
3&)4',),'-.)*!7-,%.,')*!-0!2#7',%&9!
H'&%(,! -[/%&4),'-.)*! Y),)! -0! ,1%! (*-#Y! *)5%&! -.! 2#7',%&! /#&0)(%! &%,#&.%Y!
%4'Y%.(%! -0! ,1%! 7&%/%.(%! -0! /,&-.3! ]'.Y/! c-.)**5! Y'/,&'[#,%Y! -.! ,1%! 7*).%,!
/#&0)(%9! =1%!]'.Y/! /7%%Y! '/! /#77-/%Y! ,-! %67-.%.,')**5! Y%(&%)/%! '.! ,1%! &)Y')*!
Y'&%(,'-.!7&-7-&,'-.)**5!,-!,1%!/()*%!1%'31,!W_)/7'"%+"-1:\!CB8BX9!!
;0! ,1%!c-.)*!]'.Y/!%6,%.Y%Y!),!1'31!7&%//#&%/! W*)&3%!/()*%!1%'31,X! ,1%5!]-#*Y!
'.4-*4%!)!/'3.'0'().,!)$-#.,!-0!,1%!7*).%,)&5!$)//9!=1%&%0-&%!,1%!3&)4',),'-.)*!
/'3.),#&%!-0!,1%!]'.Y/!'.(&%)/%/!]',1!,1%!Y%7,19!;0!,1%!]'.Y/!]%&%!4%&5!/1)**-]!














=1%!3-)*!-0! ,1%!2#.-!3&)4',5!%67%&'$%.,! '/! ,-!%67*-',! ,1%!/%./','4',5!-0! ,1%! './,&#$%.,!
-.[-)&Y!,1%!/7)(%(&)0,!,-!,)e%!7&--0!-0!,1%!%6,%./'-.!'.!Y%7,1!-0!,1%!c-.)*!]'.Y/9!
D<P<H A0YV,(2.F%^(.$0+\(2-.
>#&,1%&! (-.,&'[#,'-.! ,-! ,1%! %67*-&),'-.! -0! ,1%! 7*).%,! 2#7',%&! ]'**! [%! 3'4%.! [5! ,1%!












4%. SRSR9R! MC8!TBB! 89PRN! C9CR 8BUP!
@02%Y1. ICBC9P! NP8!8BB! I9SS8! I9BN 8BUT!
L1$3+()(. RTTP9T! 8!BPB!MBB! P98SS! C9II 8BUT!
;1''V-,%. P8PR9I! 8!TTC!PBB! 8N9NR! I98B 8BUR!






(%.,#&5\! Q)*'*%-!Q)*'*%'! -[/%&4%Y! M!$--./! -&[','.3! ,1%! 3').,! 7*).%,9! ;.! &%(%.,! ,'$%/\!












2#7',%&!$--./! Y'4'Y%! '.,-! I!$)'.! 3&-#7/^! '((%*"2##(&! -&! *'(9D2##(&\!\-1'1%-("2##(&\!
#0+%*"-&!'**%901-*"2##(&9!





















=1%! Q)*'*%).! $--./! )&%! .)$%Y! ;-\! <#&-7)\! Q).5$%Y%! ).Y! :)**'/,-9! =1%5! )&%! ,1%!
*)&3%/,! .),#&)*! /),%**',%/! -0! 2#7',%&! ).Y! (-.(%.,&),%! $-/,! -0! ,1%! $)//! -0! ,1%! $--./!
/5/,%$9! =1'/! 3&-#7! -0!$--./! '/! (1)&)(,%&'c%Y! [5! )! (-$7*%6! 3%-*-35! W@)3%.)*" %+" -1:\!
CBBMX9!
;-! '/! ,1%!$-/,! 4-*().'()**5! )(,'4%! [-Y5! -0! ,1%! /-*)&! /5/,%$9! =1%! /,&-.3! ,'Y)*! 1%),'.3!




!<#&-7)! 1)/! ).! '(%! (&#/,! (1)&)(,%&'c%Y! [5! '.,%./%! ,%(,-.'/$! ,1),! 7&-Y#(%/! )! 0)/,!





(-&%9!=1%! '(%!(&#/,! '/!(1)&)(,%&'c%Y![5!,%(,-.'(!&%/#&0)('.3![#,! ,1%!7&%/%.(%!-0! '$7)(,!
(&),%&/! /#33%/,! ,1),! ,1%! &%/#&0)('.3! '/! /*-]%&! ,1).! 0-&! <#&-7)9! @%,]%%.! ,1%! '(%! (&#/,!
).Y!,1%!/'*'(),%!$).,*%!,1%&%!'/!)!*'d#'Y!]),%&!*)5%&!W@)3%.)*"%+"-1:\!CBBMX9!
=1%! /#&0)(%! -0! :)**'/,-! /1-]/! $).5! '$7)(,! (&),%&/! ,1),! )&%! ).! '.Y%6! -0! /*-]!

























3&-#.Y! /,),'-.! -&! 0&-$! ,1%! /7)(%(&)0,! ,%*%(-$$#.'(),'-.! /5/,%$! Y%7%.Y'.3! -.! ,1%!
(1-/%.!-7%&),'4%!$-Y%!WO-.,%.[&#(e"%+"-1:\!CBBBX9!!
;0!,1%!*'.e!(-./'/,/!-.*5!-0!)!Y-].*'.e!/'3.)*!0&-$!,1%!/7)(%(&)0,!,-!,1%!3&-#.Y!/,),'-.!
,1%! -[/%&4)[*%! '/! ()**%Y! #(%D$-39! E*,%&.),'4%*5\! ,1%! 3&-#.Y! /,),'-.! '&&)Y'),%/! )! &)Y'-!
/'3.)*!,-])&Y/!,-!,1%!/7)(%(&)0,\!]1'(1!&%(%'4%/!).Y!&%,&)./$',/!',!,-!,1%!/)$%!3&-#.Y!
/,),'-.! '.! +$#D$-3! $-Y%9! >-&!$'//'-./! ,-! ,1%! -#,%&! /-*)&! /5/,%$!$)5! -((#&! ,1),! ,1%!
&-#.Y!,&'7!,&)4%**'.3!,'$%![%,]%%.!,1%!3&-#.Y!/,),'-.!).Y!,1%!/7)(%(&)0,!'/!3&%),%&!,1).!
,1%!4'/'['*',5!7%&'-Y!0&-$!,1%!3&-#.Y!/,),'-.9!=1%&%0-&%!,1%!&%,#&.'.3!/'3.)*!'/!&%(%'4%Y!


















st = Asin 2! f0t( ) !
f1%.! ,1%! /'3.)*! '/! &%(%'4%Y! ),! ,1%! 3&-#.Y! /,),'-.! ',! '/! Y%$-Y#*),%Y! [5! ,1%! &).3'.3!
Y%$-Y#*),-&! ).Y! ,1%! 71)/%! -0! ,1%! '.(-$'.3! ,-.%! '/! (-$7)&%Y! ,-! ,1%! 71)/%! -0! ,1%!
-#,3-'.3!-.%9!=1%! &%(%'4%Y!71)/%!]'**! &%/#*,! /1'0,%Y![5! )!d#).,',5!Y%7%.Y%.,![5! ,1%!
Y'/,).(%!,&)4%**%Y![5!,1%!/'3.)*!WO-.,%.[&#(e"%+"-1:\!CBBBX9!












!" = 2! f0
2!
c








=1%! 71)/%! /1'0,! ().! -.*5! [%! $%)/#&%Y! '.! ).! '.,%&4)*! 0,2![ ] !,1%&%0-&%! )$['3#',5!
7&-[*%$/!)&'/%!]1%.!(-.4%&,'.3!0&-$!71)/%!,-!&).3%9!=-!/-*4%!,1%!)$['3#','%/!$'.-&!
,-.%/! Y%&'4%Y! 0&-$! ,1%! $)b-&! ,-.%! )&%! (-1%&%.,*5! $-Y#*),%Y! -.,-! ,1%! ()&&'%&9!
:-./'Y%&'.3!,1),!,1%!)((#&)(5!'.!,1%!71)/%!Y%,%&$'.),'-.!'/!'.Y%7%.Y%.,![5!0&%d#%.(5\!
,1%! /1-&,%/,! ])4%*%.3,1! Y%0'.%/! ,1%! &).3%! )((#&)(5! ]1'*%! ,1%! *-]! 0&%d#%.(5! ,-.%/!
&%/-*4%!,1%!)$['3#','%/!WO-.,%.[&#(e"%+"-1:\!CBBBX9!
2"!"!"8 9:.4;6506':.*<6;.*$%07'07*
E.! )*,%&.),'4%! ,-! $#*,'U,-.%! &).3'.3! '/! ,-! $-Y#*),%! -.,-! ,1%! ()&&'%&! )! &).Y-$U*'e%!
['.)&5! (-Y%9! =1%! (-Y%! '/! &%7%),%Y! )0,%&! )! 7&%Y%0'.%Y! .#$[%&! -0! [',/! e.-].! )/! )#4%"
1%(9+,9!f1%.! ,1%! /'3.)*! '/! &%(%'4%Y! ).Y! Y%$-Y#*),%Y! [5! ,1%! 3&-#.Y! /,),'-.! ).Y! ,1%!
&%(%'4%Y! (-Y%! '/! (-&&%*),%Y!]',1!)! &%7*'()!-0! ,1%!#7*'.e! (-Y%\! ,-!Y%,%&$'.%! ,1%!71)/%!




=1%!/'3.)*!'/!,&)./$',,%Y!0&-$!,1%!3&-#.Y!/,),'-.!),!)!0&%d#%.(5! fT !).Y!',! '/!&%(%'4%Y!
[5! ,1%! /7)(%(&)0,!]',1! )! (%&,)'.!H-77*%&! /1'0,! Y#%! ,-! ,1%! &%*),'4%!$-,'-.! -0! ,1%! ,]-!
7)&,'('7).,/9!=1%!-.[-)&Y! ,&)./7-.Y%&! (-1%&%.,*5! ,&)./$',/! ',! [)(e!]',1! )! 0&%d#%.(5!
$#*,'7*%!-0!,1%!&%(%'4%Y!-.%!W,#&.U)&-#.Y!&),'-!T X!'.!-&Y%&!,-!)4-'Y!'.,%&0%&%.(%!]',1!
,1%! '.(-$'.3! ])4%9! f1%.! ,1%! /'3.)*! '/! 0'.)**5! &%(%'4%Y! ),! ,1%! 3&-#.Y! /,),'-.! ),! )!
0&%d#%.(5! fR 9!=1%!&%(%'4%Y!0&%d#%.(5! '/!$'6%Y!]',1!)!&%0%&%.(%! 0&%d#%.(5!).Y!)! *-]!
7)//!0'*,%&!&%,#&./!,1%!H-77*%&!0&%d#%.(5! fr ! fref !WO-.,%.[&#(e"%+"-1:\!CBBBX9!
=1%!H-77*%&!/1'0,!()..-,![%!$%)/#&%Y!'./,).,).%-#/*5\![#,! ',! '/! './,%)Y!$%)/#&%Y![5!
(-#.,'.3! ,1%! )((#$#*),%Y! (5(*%/! -0! c%&-U(&-//'.3/! -4%&! )! (-#.,! ,'$%! Tc 9! =1%!







=1%! .#$[%&! -0! (5(*%/! ,1%! H-77*%&! 0&%d#%.(5! )((#$#*),%/! '.! )! (-#.,! ,'$%! '.,%&4)*!
Tc = t1, t2[ ] !'/!





=1%! &%0%&%.(%! 0&%d#%.(5! '/! )//#$%Y! (-./,).,! -4%&! ,1%! (-#.,! ,'$%! '.,%&4)*! ).Y!
7&-7-&,'-.)*!,-!,1%!,&)./$',,%Y!0&%d#%.(59!
fref = TfT !
=1%!&%(%'4%Y!0&%d#%.(5!().![%!)77&-6'$),%Y!)/!!

























. = ! TfT
2 !
c dt = !TfT
2 !









































=1%! '.,%&.)*! 0&%d#%.(5! &%0%&%.(%! '/! 3'4%.! [5! ).! ?4%.! :-.,&-**%Y! m#)&,c! ?/('**),-&!
W?:V?X9!
=1%!_)=!(1)&)(,%&'/,'(/!)&%^!
TV*02(. /Y("V[V"1,V%$. 6(-,.7(-0',-. 5%,(-.
602$Q12%0$).21,V%. IINBhISRR! ! !
!"g0V-V,V%$.6W2(-W%'). U8IB!Y@$!p!M!eJch/! U8IC!Y@$! !
621"#V$*.,W2(-W%'). U8IS!Y@$!p!89C!eJch/! U8IR!Y@$! !
621"#V$*.71$*(. oIOJc! q!o!P!OJc! !
5%V-(.TV*02(. r!S!Y@! sM!Y@! !
























=1%! './,&#$%.,! 1)/! [%%.!$).#0)(,#&%Y! [5! =1)*%/!E*%.')! +7)(%! `! ;,)*5! ! W=E+U;X! ).Y!
0#.Y%Y![5!,1%!;,)*').!+7)(%!E3%.(5!WE+;X9!
H<D<D 8$.*2%0$).V$-,20+($,1,V%$.
f1%.! (*-/%! ,-! 7%&'(%.,%&\! ,1%! 2#.-! /7)(%(&)0,!]'**! [%! ,&)(e%Y! 0&-$!H++UCS! W"E+E! `!









H++UCS! '/! PKD2" ;%-2"$-5%90'4%" Y^F\Z" -(+%((-! ).Y! ',/! Y%/'3.! ).Y! [)/'(! 7%&0-&$).(%!





=1'/! /,),'-.! '/! )*/-! %d#'77%Y! ]',1! ).! EY4).(%Y! O%Y')! :)*'[&),'-.! +5/,%$! WEO:X\!
]1'(1! 7&-4'Y%/! ()*'[&),'-.! -0! ,1%! Y&5! ).Y! ]%,! (-$7-.%.,! -0! ,1%! ,&-7-/71%&%9! =1%!
/5/,%$! '.(*#Y%/! ]),%&! 4)7-&! &)Y'-$%,%&/\! Y'3',)*! 7&%//#&%! /%./-&/! ).Y! $'(&-])4%!















L)Y'-$%,&'(! $%)/#&%$%.,/! )&%! )00%(,%Y! [5! /%4%&)*! .-'/%! /-#&(%/9! ;,! '/! '$7-&,).,! ,-!
d#).,'05! ,1%! %&&-&! %67%(,%Y! -.! ,1%! -[/%&4)[*%/! W%&&-&! [#Y3%,X! '.! -&Y%&! ,-! 0)',10#**5!
&%7&-Y#(%!,1%!&%/#*,/!-0!,1%!%67%&'$%.,9!
=1%! 3&)4',5! %67%&'$%.,! -0! ,1%! 2#.-! $'//'-.! ]'**! [%! ()&&'%Y! -#,! #/'.3! &).3%U&),%!
$%)/#&%$%.,/! -.*5\! ,1%&%0-&%! ,1%! *'.e! [#Y3%,!]'**! 0-(#/! -.! ,1%!H-77*%&! -[/%&4)[*%9!
=1%! Y'/,#&[).(%/! -.! ,1%!H-77*%&! /'3.)*! )&%! Y#%! ,-! './,&#$%.,)*! .-'/%/\! 7&-7)3),'-.!
.-'/%/!).Y!/5/,%$),'(!%&&-&/9!
=1%! './,&#$%.,)*! .-'/%/! )&%! &).Y-$! %&&-&/! '.,&-Y#(%Y! [5! ,1%! -.U3&-#.Y! ).Y! ,1%!
-.[-)&Y!'./,&#$%.,),'-.9!
E.!%*%(,&-$)3.%,'(! /'3.)*!7&-7)3),'.3! ,&-#31!)!$%Y')!]',1! &).Y-$!&%0&)(,'4%! '.Y%6!
0*#(,#),'-./!#.Y%&3-%/!)!(1).3%!-0!Y'&%(,'-.!).Y!4%*-(',5!7&-7)3),'-.\!]1'(1!&%0*%(,/!
-.!,1%!/'3.)*!71)/%\!0&%d#%.(5!).Y!7-*)&'c),'-.!WE/$)&\!CBBSX9!!
D-//'[*%! /5/,%$),'(! %00%(,/! )&%! Y#%! ,-! )! &%/'Y#)*! -&[',)*! /'3.),#&%! -&! [')/%/! '.! ,1%!
()*'[&),'-./9!!
=1%! /'3.)*! ).Y! ,1%! .-'/%/! %.,%&! ,1%! -[/%&4),'-.! ]',1! Y'00%&%.,! ,&)./0%&! 0#.(,'-./!
Y%7%.Y'.3!-.!,1%!H-77*%&!$-Y%!W-.%h,]-h,1&%%U])5X9!=1%!-[/%&4),'-.!)&%!&%7&%/%.,%Y!
[5!)!,'$%!/%&'%/!5W,X!-0!0&)(,'-.)*!H-77*%&!0*#(,#),'-./\!,1),!'/!,1%!(1).3%!'.!0&%d#%.(5!
[%,]%%.! ,1%! &%(%'4%Y! ).Y! &%0%&%.(%! /'3.)*\! Y'4'Y%Y! [5! ,1%! .-$'.)*! 0&%d#%.(5! -0! ,1%!
H-77*%&!*'.e9!
y t( ) = !f (t)f0
9!
=1%! '.Y%6! (1-/%.! ,-! &%7&%/%.,! ,1%! 0&%d#%.(5! /,)['*',5!-0! ,1%! &)Y'-! /'3.)*! '/! ,1%!E**).!








2 t( ) = 12 y t( )! y t +"( )
2
= 2Sy f( )













Sy f( ) !'/!,1%!7-]%&!/7%(,&)*!Y%./',5!-0!,1%!0*#(,#),'-./!WE/$)&\!CBBSX9!
K/#)**5!',!'/!)!0#.(,'-.!-0!,1%!e'.Y! Sy f( ) = hf ! 9!
+%(,'-.! I9I98! (-.,)'./! ).! -7%&),'4%! (-$7#,),'-.! -0! ,1%! %67%(,%Y! .-'/%! 0-&! ,1%! 2#.-!
&)Y'-!*'.e9!
H<H<> 4$-,20+($,1'.$%V-(.






EIRP = PTXGTX ! <d#'4)*%.,!;/-,&-7'()**5!L)Y'),%Y!D-]%&!
PTX ! ! ! =&)./$',,%Y!D-]%&!
GTX ! ! ! =&)./$',,'.3!).,%..)!3)'.!
GRX ! ! ! L%(%'4'.3!).,%..)!3)'.!
LATM ! ! ! E,$-/71%&'(!),,%.#),'-.!






LP ! ! ! D-'.,'.3!*-//!
LC ! ! ! :'&(#',!*-//!

























N = KTSYSB = N0B !
]1%&%!
N ! ! ! ! "-'/%!7-]%&!
K =1.38 !10"23 J K ! ! @-*,c$)..!(-./,).,!
TSYS ! ! ! ! +5/,%$!,%$7%&),#&%!
B ! ! ! ! ;./,&#$%.,![).Y]'Y,1!







:Y'V$#.[2(g0($"3. IM9M! QJc! !
9%&$'V$#.[2(g0($"3. IC! QJc! !
:Y'V$#.&1^('($*,W. T9P! $$! !
9%&$'V$#.&1^('($*,W. R9M! $$! !
. ! ! !
L2%0$)./,1,V%$. ! ! !
6_.E%&(2. PSS! f! W+*-['.\!CB8BX!
!$,($$1.)V1+(,(2. IM! O! W+*-['.\!CB8BX!
!$,($$1.([[V"V($"3. B9N! ! !
/3-,(+.$%V-(.,(+Y(21,02(. IR9NC! _! W+*-['.\!CB8BX!
EFF.I1$)&V),W. B98! Jc! !
. ! ! !
/Y1"("21[,. ! ! !
!$,($$1.)V1+(,(2. C9S! $! !
!$,($$1.([[V"V($"3. B9N! ! !
6_.E%&(2. C9S! f! W+'$-.%"%+"-1:\!CBBRX!
9V-,1$"(.[2%+.,W(.@12,W. N! EK! !
/3-,(+.$%V-(.,(+Y(21,02(. IBB! _! =E+U;!
EFF.\1$)&V),W. 8! Jc! =E+U;!
61\'(.H<D<.71)V%.'V$#.V$Y0,.)1,1<.
2"2"!"! =-1'0>*
K/'.3! ,1%! %d#),'-./! '.! /%(,'-.! I9I98! ]',1! ,1%! '.7#,/! -0! =)[*%! I9C! ',! '/! 7-//'[*%! ,-!
%4)*#),%!,1%!*'.e![#Y3%,!0-&!,1%!#7*'.e!*%39!
L2%0$)./,1,V%$. . . .
6_.E%&(2. CT9PT! Y@f! !






@47E. 8BT9IC! Y@f! !
E%'12Vf1,V%$.'%--. B9BT! Y@! !
E%V$,V$*.'%--. B98C! Y@! W+*-['.\!CB8BX!
. ! ! !
E2%Y1*1,V%$.'%--. ! ! !
T2((./Y1"(.'%--. IBC9CC! Y@! !
!,+%-YW(2V".1,,($01,V%$. B9IP! Y@! W+*-['.\!CB8BX!
. ! ! !
/Y1"("21[,. ! ! !
!$,($$1.*1V$. SN9TP! Y@'! !
;V2"0V,.'%--. 89NR! Y@! !
E%V$,V$*.'%--. B9C! Y@! !
/3-,(+.$%V-(.,(+Y(21,02(. CM9PP! Y@_! !
. ! ! !
7("(V^().E%&(2. U8IR9MR! Y@f! !
5%V-(.E%&(2.)($-V,3. UCBI9TI! Y@! !
/57. NM9IM! Y@Jc! !
61\'(.H<H<.9//DP.Q.A0$%.?L!.'V$#.\0)*(,.b0Y'V$#d<.
2"2"!"8 ?6@01'0>*
/Y1"("21[,. . . .
6_.E%&(2. I9RT! Y@f! !
!$,($$1.*1V$. SN9CM! Y@'! !
@47E. NB9CC! Y@f! !
;V2"0V,.'%--. 89NR! Y@! !
E%V$,V$*.'%--. B9C! Y@! W+*-['.\!CB8BX!
. ! ! !
E2%Y1*1,V%$.'%--. ! ! !






!,+%-YW(2V".1,,($01,V%$. B9IP! Y@! W+*-['.\!CB8BX!
. ! ! !
L2%0$).-,1,V%$. ! ! !
!$,($$1.*1V$. PT9R8! Y@'! !
E%'12Vf1,V%$.'%--. B9BT! Y@! !
!$,($$1.1_V1'.21,V%. 8! Y@! W+*-['.\!CB8BX!
E%V$,V$*.'%--. B98C! ! !
/3-,(+.$%V-(.,(+Y(21,02(. 8S9RT! Y@_! !
. ! ! !
7("(V^().E%&(2. U8NS9RC! Y@f! !
5%V-(.E%&(2.)($-V,3. UC8C9NI! Y@! !
/57. MN9P8! Y@Jc! !
61\'(.H<G<.A0$%.?L!.Q.9//DP.'V$#.\0)*(,.b)%&$'V$#d<.
H<H<D 62%Y%-YW(2(.




E,! $'(&-])4%/! 0&%d#%.('%/! ,1%! ,&-7-/71%&%! '/! )! .-.UY'/7%&/'4%! $%Y'#$! 1%.(%! ,1%!
&%0&)(,'4%!'.Y%6!Y-%/!.-,!Y%7%.Y!-.!,1%!0&%d#%.(5!-0!,1%!/'3.)*9!
=&-7-/71%&'(! &%0&)(,'-.! 1)/! ,]-! (-$7-.%.,/^! E! Y&5! (-$7-.%.,! Y#%! ,-! Y&5! )'&!
(-.,&'[#,'-.!).Y!)!]%,!(-$7-.%.,!Y#%!,-!]),%&!4)7-&9!
G-.3! 7%&'-Y! -[/%&4),'-./! -0! ,1%! ,&-7-/71%&'(! &%0&)(,'4%! '.Y%6! /1-]! )! /%)/-.)*!















62%Y%-YW(2V".-"V$,V''1,V%$.b&V$,(2.$V*W,d. 1.3!10"14 ÷ 4.3!10"14 !






>&%%! %*%(,&-./! 7*)5! )! e%5! &-*%! '.! ,1%! 0*#(,#),'-./! -0! ,1%! &%0&)(,'4%! '.Y%6! -0! ,1%!
'-.-/71%&%9!=1%!%*%(,&-./!(-.(%.,&),'-.!'.(&%)/%/!]',1!1%'31,\!)/!,1%!/-*)&!&)Y'),'-.!'/!
/,&-.3%&9! =1%! $)6'$#$! '/! *-(),%Y! ),! IBB! e$9! E0,%&! ,1'/! 7-'.,! ,1%! (-.(%.,&),'-.!





























=1%! ,-,)*! %*%(,&-.! (-.,%.,! W=<:X! '/! Y%0'.%Y! )/! ,1%! '.,%3&)*! -0! ,1%! %*%(,&-.! .#$[%&!
Y%./',5!)*-.3!,1%!*'.%!-0!/'31,!W!-[/%&4%&!`!/7)(%(&)0,!Y'&%(,'-.!X9!




































(&-//! ,1%! *'.%! [%,]%%.! ,1%! /'3.)*! /-#&(%! ).Y! ,1%! &%(%'4%&9! =1%! /-*)&! ]'.Y! Y%./',5!
0*#(,#),'-./!()#/%!&).Y-$!0*#(,#),'-./!-0!,1%!&%0&)(,'4%!'.Y%69!=1%!-.*5!(-$7-.%.,!-0!
,1%!/-*)&!]'.Y!/7%%Y!)00%(,'.3!,1%!/'3.)*!'/!,1%!(-$7-.%.,!7%&7%.Y'(#*)&!,-!,1%!*'.%!-0!
/'31,! W;%//" %+"-1:\! 8RTIX9!=1%&%! '/! (*%)&*5!)!Y%7%.Y%.(%!-.! ,1%! &%*),'4%!7-/','-.!-0! /-*)&!
]'.Y!/-#&(%\!,1%!<)&,1!/,),'-.!).Y!,1%!/7)(%(&)0,9!=1%!&%*),'4%!7-/','-.!'/!%67&%//%Y![5!
,1%!<*-.3),'-.!).3*%!-&\!'.!,1%!-#,%&!/-*)&!/5/,%$!+#.U<)&,1UD&-[%!W+<DX!).3*%9!

















=1%! '.,%&7*).%,)&5! 7*)/$)! /('.,'**),'-.! ().! [%! (-$7*%,%*5! ()*'[&),%Y! [5! $%)./! -0! )!
$#*,'0&%d#%.(5!*'.e\!)/!)*&%)Y5!Y-.%!Y#&'.3!,1%!:)//'.'!+-*)&!:-.b#.(,'-.!<67%&'$%.,!











! . h . 7([(2($"(.
B()V1. ! ! ! !
62%Y%-YW(2(.b&V,W.!B;d.$%+V$1'. I9C ! 8BU8S! UChS! R9T ! 8BUCT! !
62%Y%-YW(2(.+V$V+0+.b&V,W%0,.!B;d. 89M 8BU8M! UChS! M9P 8BUCP! !
E'1-+1ZV%$%-YW(2(.b/@E.h.HRid. M9P ! 8BU8S! UChI! 898 ! 8BUCP! !
E'1-+1ZV%$%-YW(2(.b/@E.h.>PRid. 89M 8BU8S! UChI! 898 8BUI8! !
. ! ! ! !
L2%0$)./(*+($,. ! ! ! !
!$,($$1.&V$).'%1)V$*. C9C ! 8BU8S! B! C9I ! 8BUCN! !
!$,($$1.*21^V,3.)(['(",V%$. M9P ! 8BU8N! B! 89T ! 8BUCS! !
!$,($$1.,W(2+1'.)([%2+1,V%$. I9P ! 8BU8S! B! ! !
IaL.+V22%2.)([%2+1,V%$. 89P ! 8BU8S! B! ! !
T2(g0($"3.-,1$)12). 89B ! 8BU8S! B! ! !
L2%0$).2("(V^V$*."W1V$. C9I ! 8BU8P! C! ! !
L2%0$).,21$-+V,,V$*."W1V$. S9P 8BU8P! C! ! !
. ! ! ! !
/Y1"("21[,./(*+($,. ! ! ! !
`16.1$).%$\%12).1+Y'V[V(2-. M9B ! 8BU8N! C! S9T ! 8BUIB! !
!$,($$1./3-,(+. S9B ! 8BU8P! B! I9N ! 8BUCT! !
9VY'(_(2.1$).62VY'(_(2. C9I 8BU8P! C! ! !
E1--V^(.7T."%+Y%$($,-.b&1^(*0V)(-d. 89N 8BU8S! B! ! !
. ! ! ! !
























N9C ! 8BU8S! ! ! !
6%,1'.7//.&%2-,.
b/@E.h.HRie.0$"1'V\21,().,2%Y%-YW(2(d.

















;1-(. ! y 1000s( ) . ! y 60s( ) .
I(-,. N9C 8BU8S! C9I 8BU8M!














=1%! (*)//'()*! -&[',! Y%,%&$'.),'-.! 7&-[*%$! [)/%Y! -.! ,1%! )//#$7,'-.! ,1),! ,1%! [-Y'%/!
$-4%! )*-.3! e%7*%&').! ,&)b%(,-&'%/! W(-.'(/X\! ,1),! '/! #.Y%&! ,1%! -.*5! '.0*#%.(%! -0! ,1%!
3&)4',5!-0!)!(%.,&)*![-Y5\!Y%,%&$'.'.3!,1%!%4-*#,'-.!-0!,1%'&!$-,'-.9!
E! e%7*%&').! (-.'(! '/! Y%0'.%Y! [5! N! 7)&)$%,%&/\! ]%&%! ,1%5! ,1%! [-Y5! 7-/','-.! WI!
7)&)$%,%&/X! ).Y! 4%*-(',5! WI! 7)&)$%,%&/X! ),! )! 3'4%.! %7-(1! -&! ,1%! N! (*)//'()*! %*%$%.,/!
W/%$'U$)b-&! )6'/\! '.(*'.),'-.\! %((%.,&'(',5\! &'31,! )/(%./'-.! -0! ,1%! )/(%.Y'.3! .-Y%\!
)&3#$%.,!-0!7%&'(%.,%&!).Y!$%).!).-$)*5!),!)!3'4%.!%7-(1X9!
=1%! 7&-[*%$! ().! [%! /-*4%Y! [5! &%)*'c'.3! N! -[/%&4),'-./! -0! ,1%! [-Y5! /,),%! 4%(,-&! ).Y!
,1%&%0-&%!/-*4'.3!)!Y%,%&$'.%Y!/5/,%$!-0!N!%d#),'-./!'.!/'6!#.e.-]./9!
=1%!$-,'-.!-0!)!(%*%/,')*![-Y5!W7*).%,!-&!/),%**',%X!'/!3%.%&)**5!(*-/%*5!)77&-6'$),%Y![5!
)! e%7*%&').! -&[',\! [#,! ,1'/! '/! .-,! ,&#%! 0-&! -,1%&! [-Y'%/! /#(1! )/! )&,'0'(')*! /),%**',%/! -&!
)/,%&-'Y/9! ;.! ,1%/%!()/%/! ,1%!%d#),'-./!-0!$-,'-.!Y%7)&,!/'3.'0'().,*5! 0&-$!,1%!(%.,&)*!
[-Y5! *)]9! "-.U3&)4',),'-.)*! )((%*%&),'-./! ).Y! ,1%! 3&)4',5! (-&&%(,'-./! Y#%! ,-!
)/71%&'(',5!-0!,1%!(%.,&)*![-Y5!-&!,-!,1'&Y![-Y5!%00%(,/!/,)&,!,-!7*)5!)!e%5!&-*%9!!
=1%! %d#),'-.! -0!$-,'-.! '/! ,1%&%0-&%!$-&%! (-$7*'(),%Y! ).Y! ,1%! ).)*5,'()*! /-*#,'-.! '/!
3%.%&)**5! .-,! )4)'*)[*%9! ;,! '/! ,1%&%0-&%! .%(%//)&5! ,-! )77&-6'$),%! ,1%! Y5.)$'(/! -0! ,1%!















E! /,),'/,'()*! )77&-)(1! '/! .%%Y%Y! ,-! -[,)'.! ,1%! /-*#,'-.! ]1'(1! [%/,! )77&-6'$),%! ,1%!















]1%&%! X t( ) '/! ,1%! /7)(%(&)0,! /,),%! 4%(,-&! W7-/','-.! ).Y! 4%*-(',5X9! =1%!$'.'$)*! /%,! -0!




Y ti( ) =G X ti( ), ti( )+ ! ti( ) i =1,2,..., l ; !k = ! tk( ) !




)[-#,!)!.-$'.)*!e.-].!,&)b%(,-&5! X* t( ) !W,'$%!Y%7%.Y%.(%! 0&-$!,'$%!-$',,%Y! 0-&! ,1%!
/)e%!-0!(*)&',5X^!










X ( X*( ) 9!
=1'/!%67&%//'-.!().![%!&%]&',,%.!'.!,%&$/!-0!,1%!,&)b%(,-&5!(-&&%(,'-.! x = X ! X* ^!


















x t( ) =! t0, t( )x0 ; x0 = x t0( )







! t0, t( ) !'/!).!.U[5U.!$),&'6!*'.%)&*5!*'.e'.3!,1%!/,),%!),!)!3'4%.!%7-(1! t0 ,-!,1%!/,),%!),!)!
3%.%&)*!%7-(1! t 9!;,!,)e%/!,1%!.)$%!-0!&+-+%"+*-(&'+'#("2-+*'>9!
=1'/!$),&'6!%.b-5/!,1%!0-**-]'.3!7&-7%&,'%/!
1. ! t0, t0( ) = I
2. !"1 t0, t( ) =! t, t0( )
3. ! t1, t2( )! t0, t1( ) =! t0, t2( ) !
<4%.! ,1%! -[/%&4),'-.! %d#),'-./! )&%! *'.%)&'c%Y! )[-#,! ,1%! .-$'.)*! ,&)b%(,-&5! ).Y!
%67&%//%Y!'.!,%&$/!-0!-[/%&4),'-.!&%/'Y#)*/!4%(,-& y ^!





Xi ) X*i( )+ ! i ; Y*i =G X*i, ti( )
yi = !Hixi + ! i i =1,..., l !
]1%&%! !H '/! )! 8U[5U.!2-<<'(9" 2-+*'>\!Y*i !'/! ,1%! -[/%&4)[*%! (-$7#,%Y! -.! ,1%! .-$'.)*!
,&)b%(,-&5! X* !),!%7-(1! ti !W)#2<0+%4"#;&%*5-;1%X9!!
<)(1! &%/'Y#)*! ().! [%! %67&%//%Y! '.! ,%&$/! -0! ,1%! /,),%! 4%(,-&! -0! ,1%! /7)(%(&)0,! ),! ,1%!
%7-(1! t = t0 !


















































= Hx0 + ! 9!
H !,)e%/! ,1%! .)$%! -0! (#*2-1" 2-+*'>! ).Y! (-.,)'./! ,1%! 7)&,')*! Y%&'4),'4%/! -0! ,1%!































=1'/! $%)./! ,1),! ,1%! -[/%&4),'-.! %&&-&! Y'/,&'[#,'-.! '/! c%&-! $%).! ).Y! ,1),! %&&-&/! ),!
Y'00%&%.,!,'$%/!)&%!.-,!(-&&%*),%Y9!
;,! '/!.-]!,'$%! ,-! '.,&-Y#(%! ,1%!(-.(%7,! ,1),! ,1%!-[/%&4)[*%/!)&%!.-,!%d#)**5!)((#&),%9!
<)(1!-[/%&4)[*%!1)/!,-![%!]%'31,%Y!Y'00%&%.,*5!'.!&%3)&Y!-0!',/!'.,&'./'(!)((#&)(5^!
W 1 2y =W 1 2Hx0 +W 1 2! W 1 2 = R!1 2 =
1 "1 ! 0
" # "

















J = 12 !
TW! ; W =
1 "12 ! 0
" # "




















J x0( ) = 12 y !Hx0( )
T W y !Hx0( ) = 12 y





= "HTWy + HTWHx0 = 0
!
=1%!(-&&%(,'-.!/),'/05'.3!,1'/!(-./,&)'.,!'/!,1%![%/,!%/,'$),%!^!
xˆ0 = HTWH( )!1HTWy 9!
K/#)**5! ).! )! 7&'-&'! /-*#,'-.! x0 ]',1! )! (%&,)'.! )//-('),%Y! (-4)&').(%! $),&'6! P '/!
)4)'*)[*%9! =1%! )! 7&'-&'! '.0-&$),'-.! '/! #/%0#*! '.! -&Y%&! ,-! [%,,%&! (-.Y','-.! ,1%! /-*#,'-.!
)4-'Y'.3!/5$$%,&'%/!'.,&'./'(!'.!,1%!.-.U*'.%)&',5!-0!,1%!7&-[*%$9!
=1%! (-/,! 0#.(,'-.! %67&%//'-.! '/! /*'31,*5! Y'00%&%.,! 0&-$! ,1%! 7&%4'-#/! ()/%\! /'.(%! ',!
(-.,)'./!)!7%.)*,5!0-&!,1%!/-*#,'-.!Y%7)&,'.3!/'3.'0'().,*5!0&-$!,1%!)!7&'-&'!-.%9!
J x0( ) = 12 y !Hx0( )
T W y !Hx0( )+ 12 x0 ! x0( )
T P!1 x0 ! x0( )





=1%!$),&'6! HTWH + P!1( ) !'/!()**%Y!'(/#*2-+'#("2-+*'>9!=1).e/!,-!,1%!)//#$7,'-.!$)Y%!
-.!,1%!]%'31,'.3!$),&'6\! ',! '/!%)/5!,-!Y%$-./,&),%! ,1),! ,1%! '.4%&/%!-0! ,1%! '.0-&$),'-.!










=1%! (-./'Y%&!7)&)$%,%&/! '/! )! /%,! -0!$-Y%*!7)&)$%,%&/!]1'(1! )&%!.-,! '.(*#Y%Y! '.! ,1%!




(! '/! 0-&! (-./'Y%&! 7)&)$%,%&/! d#).,','%/9! =1%! 0-&$#*),'-.! 0-&! (-./'Y%&! 7)&)$%,%&/! '/!
0&-$!:1)7,%&!N!-0!W=)7*%5"%+"-1:\!CBBMX9!
E//#$%! )! 3'4%.! /%,! -0! )! 7&'-&'! Y%4'),'-./! 0-&! ,1%! (-./'Y%&! 7)&)$%,%&\! c \! ).Y! ,1%!
&%*),'4%!)!7&'-&'!#.(%&,)'.,5\!Pcc \!'/!3'4%.!
y = Hxx + Hcc + ! ; Px = HxTWHx + Px!1( ) ; Sxc = Px!1HxTWHc
xˆ = Px!1 HxTWy + Px!1x( )
xˆc = xˆ + Sxcc
Pxx = Px + SxcPccSxcT !
]1%&%! xˆc '/! ,1%!.%]!%/,'$),%!)((-#.,'.3! 0-&! ,1%!Y%4'),'-.! '.! ,1%!(-./'Y%&!7)&)$%,%&/!
).Y!Pxx '/!,1%!.%]!(-4)&').(%!$),&'6!'.(*#Y'.3!,1%!%00%(,!-0!,1%!#.(%&,)'.,'%/!'.!Pcc 9!
=1%!$),&'6! Sxc '/! ()**%Y! &%(&'+'5'+3"2-+*'>9! >&-$! ,1%! /%./','4',5!$),&'6! ',! '/! 7-//'[*%! ,-!
[#'*Y!,1%!<%*+0*;-+'#("2-+*'>\!!
! = Sxcdiag ! c( ) !!










,1),! )&%! .-,! Y5.)$'()**5! (-1%&%.,9! =1'/! 1)77%./! 0-&! %6)$7*%! '.! ,1%! 2#.-! $'//'-.!
]1%&%!)0,%&!%)(1!7)//)3%!),!7%&'(%.,%&!).Y!-#,/'Y%!,1%!_)U[).Y!,&)(e'.3!7%&'-Y!,1%&%!'/!
).!-&[',! ,&'$!$).%#4%&! W?=OX\! 0-**-]%Y![5!88!Y)5/! '.!]1'(1! ,1%! /7)(%(&)0,! 0*'%/! 0)&!
0&-$!,1%!'.0*#%.(%!-0!,1%!7%&,#&[),'-./!-0!,1%!3&)4',),'-.)*!0'%*Y!-0!2#7',%&9!;.,%3&),'.3!
)!/'.3*%!)&(!-0!,&)b%(,-&5!&%d#'&%/!1'31!)((#&)(5!'.!,1%!$-Y%*'.3!-0!)**!,1%!7%&,#&[),'-./!
)00%(,'.3! ,1%! /7)(%(&)0,! ,&)b%(,-&5! '.! ,1%! 7%&'-Y! [%,]%%.! ,]-! (-./%(#,'4%! _)U[).Y!
7)//%/9!=1'/!$-Y%*'.3!%00-&,!Y-%/!.-,!)YY!$#(1!,-! ,1%! '.0-&$),'-.!)[-#,! ,1%!3&)4',5!
0'%*Y!-0!2#7',%&\!,1),!'/!,1%!-[b%(,!-0!,1%!'.4%/,'3),'-.9!!
E.!)*,%&.),'4%!)77&-)(1!(-./'/,/!'.!Y'4'Y'.3!,1%!,&)b%(,-&5!'.!/%4%&)*!)&(/\!Y5.)$'()**5!






















































Hl,1 0 0 0
0 Hl,2 0 0
0 0 ! 0


























































= Hx0 + ! 9!
=1%!$'.'$'c),'-.!7&-(%//!*%)Y/!0-&$)**5!,-!,1%!/)$%!&%/#*,/!0-&!,1%![%/,!%/,'$),%!-0!,1%!
7)&)$%,%&/!4%(,-&!).Y!',/!)//-('),%Y!(-4)&').(%9!
>-&! ,1%! 2#.-! $'//'-.! ',! 1)/! [%%.! (1-/%.! ,-! /%*%(,! 0&-$! ,1%! .-$'.)*! ,&)b%(,-&5! CS!
'.Y%7%.Y%.,!)&(/9!<)(1!)&(!/,)&,/!8C!1-#&/![%0-&%!,1%!(*-/%/,!)77&-)(1!]',1!2#7',%&!).Y!
%.Y/!8C!1-#&/!)0,%&!',9!=1%!)&(/!-0!,&)b%(,-&5!(-.,)'.!8!_)U[).Y!,&)(e'.3!7)//!%)(19!=1%!
$#*,')&(! )77&-)(1! ]'**! [%! #/%Y! /%*%(,'.3! )/! *-()*! 7)&)$%,%&/! ,1%! 2#.-! 7-/','-.! ).Y!
4%*-(',5! ),! ,1%! [%3'..'.3! -0! ,1%! )&(/\! ).Y! )/! 3*-[)*! 7)&)$%,%&/! ,1%! 3&)4',5! 0'%*Y!
(-%00'('%.,/!-0!2#7',%&9!!
H<G<G 82\V,.9(,(2+V$1,V%$./%[,&12(.
=1%! e%5! ,--*! -0! ,1%! ).)*5/'/! '/! ,1%! "E+EU2DG! -7%&),'4%! /-0,])&%! 7)(e)3%! 0-&!
'.,%&7*).%,)&5! /7)(%(&)0,! ")4'3),'-.! ^! HD=LE2U?HD! WH-#[*%! D&%('/'-.! =&)b%(,-&5! `!
?&[',!H%,%&$'.),'-.!D&-3&)$X9! ;,! '/! )! (-**%(,'-.! -0! &-#,'.%/! %)(1! 0#*0'**'.3! -.%! -0! ,1%!





-0! ,1%! $#*,'U)&(! )77&-)(19! =1%&%0-&%! ,1%! 8-;#*-+#*'#" 4'" B-4'#" @)'%(T-! -0! @-<'%(T-6"











0-&! .)4'3),'-.\!O?"=<\!]1'(1! '/! ,1%! (-Y%! ,1),!]'**! [%! )(,#)**5! #/%Y! ,-! ).)*5c%! ,1%!
2#.-!,&)(e'.3!Y),)9!











;.! -&Y%&! ,-! 0'.Y! ,1%! $-/,! %00'('%.,! %/,'$),'-.! /,&),%35\! ).! '.! Y%7,1! ).)*5/'/! -0! ,1%!
7&-[*%$! $#/,! [%! ()&&'%Y! -#,\! 'Y%.,'05'.3! ,1%! (&','()*','%/! ).Y! ,1%! -77-&,#.','%/! 0-&!
0#&,1%&!/('%.(%9!!
=1%!0'&/,!/,%7!'.!,1'/!7&-(%//!'/!,1%!&%)*'/,'(!/'$#*),'-.!-0!,1%!%.4'&-.$%.,)*!(-.Y','-./!
'.!]1'(1! ,1%! 2#.-! /7)(%(&)0,!]'**! [%!),! %67%&'$%.,! %7-(19!=1%!)((%*%&),'-./! ,1),!]'**!
/'3.'0'().,*5! )00%(,! ,1%! /7)(%(&)0,! ,&)b%(,-&5! $#/,! [%! )((#&),%*5! $-Y%*%Y! W(09! +%(,'-.!
M98X9!!














,&)b%(,-&5! (-./'Y%&%Y! /,)&,! ),! -.%! Y)5! [%0-&%! ,1%! 7%&')7/'/! ).Y! %.Y! -.%! Y)5! )0,%&9!
=1%&%0-&%!-.*5!,1%!7%&,#&[),'-./!,1),!/'3.'0'().,*5!)00%(,!,1%!,&)b%(,-&5!'.!,1%/%!7%&'-Y/!

































=1%! 3&)4',5! 0'%*Y! -0! 2#7',%&\! $)'.! -[b%(,! -0! ,1%! '.4%/,'3),'-.\! '/! /'$#*),%Y! [5!















3&)4',5! 0'%*Y! (-%00'('%.,/! (-$7#,%Y! (-./'Y%&'.3! ,1%! $)6'$#$! 7-//'[*%! %6,%./'-.! '.!
Y%7,19! =1'/! /%,! -0! 4)*#%/! '/! ,1%! &%/#*,! -0! ,1%! 7)&,'('7),'-.! -0! ,1%! %.,'&%! $)//! -0! ,1%!
7*).%,!,-!,1%!c-.)*!]'.Y/!$-,'-.!,1%&%0-&%!Y-%/!.-,!&%7&%/%.,!)!&%)*'/,'(!/(%.)&'-9!;,!'/!
)Y-7,%Y! )/! ,1%! )! 7&'-&'! #.(%&,)'.,5! *'$',! 0-&! ,1%! $)3.',#Y%! -0! ,1%! c-.)*! ]'.Y/!
(-&&%(,'-.9! >-&! ,1%! /'$#*),'-.! -0! ,1%! 3&)4',5! 0'%*Y! ',! 1)/! [%%.! (1-/%.! ,-! /()*%! ,1'/!
&%)*'c),'-.![5!)!0)(,-&!-0!8h8B9!!
?.*5! ,1%! c-.)*! (-%00'('%.,/! )&%! (-./'Y%&%Y! '.! ,1%! ).)*5/'/\! /'.(%! ,1%! )#,1-&! 1)/! .-!
)4)'*)[*%!7&%Y'(,'-.!0-&!)!&%)*'/,'(!4)*#%!-0!,1%!,%//%&)*!).Y!/%(,-&)*!(-%00'('%.,/!),!8BBB!
e$!Y%7,19!=1%!.-.Uc-.)*!(-.,&'[#,'-.!'/!(-./'Y%&%Y!,-![%!.%3*'3'[*%9!?[4'-#/*5!,1'/!'/!















AD. 89CSCCIPRMB8SBM8R 8BUN! 89MNRPNTCCIPRMB8S 8BUC!
AH. US9PRRNMN8RNRBCPNC 8BUT! US9PRRNMN8RNRBCPNC 8BUT!
AG. 89STCR8MTCM8S8IB8 8BUT! US9TP8CM8PBTS8PSTS 8BUM!
AP. C9SBPC8TCMSBTPPBI 8BUR! C9SBPC8TCMSBTPPBI 8BUR!
A=. 898MCNN88TCMPNNRR 8BUP! I9BRIMCNN88TCMPNP 8BUS!
AK. N9TTRSISPMRCTBMNN 8BUT! N9TTRSISPMRCTBMNN 8BUT!
AU. UC9RIBPR8NBBTNTSBS 8BUT! U89TR8IBPR8NBBTNTS 8BUN!
AC. UI9RSRBBITITBRNMSC 8BUT! UI9RSRBBITITBRNMSC 8BUT!
A>R. UC9BMNMSMIRCTMCTC8 8BUT! 89BCCISMSNBP8SP8T 8BUP!
A>>. M9BRPSPC8ITPNBBTB 8BUT! M9BRPSPC8ITPNBBTB 8BUT!
A>D. UN9T8IBTRC8TNCIBSB 8BUT! U89SITNBTRC8TNCIBS 8BUT!
A>H. UC98RMNB8CR8BPNNTI 8BUT! UC98RMNB8CR8BPNNTI 8BUT!
A>G. UI9II8SCCPTNRTTCRS 8BUR! UC9PBNCCCPTNRTTCRS 8BUR!
A>P. N9PNN88TRIBINT8NI 8BUR! N9PNN88TRIBINT8NI 8BUR!
A>=. R9MBNINT8TSRCMTNI 8BUR! R9ISRCST8TSRCMTNI 8BUR!
A>K. UI9TNTPMPP8NMBINPC 8BUR! UI9TNTPMPP8NMBINPC 8BUR!























A>C. 89SR8BBRI8TPCNBMC 8BUR! 89SR8BBRI8TPCNBMC 8BUR!
ADR. U89NCP8NRBPPRC8IMP 8BUR! U89NCPMSNIPPRC8IMP 8BUR!
AD>. P9IIIR8PMNTBP8IIC 8BU8B! P9IIIR8PMNTBP8IIC 8BU8B!
ADD. I9RTCTMRNSRMIB8IP 8BUR! I9RTCTPCNRRMIB8IP 8BUR!
ADH. 89IPC8BPISSBNBT8B 8BUR! 89IPC8BPISSBNBT8B 8BUR!
ADG. UM9TRBBRNPRPRTRNB8 8BUR! UM9TRBBRTNPBRTRNB8 8BUR!
ADP. UM9MRNIIPRTI8N8IRC 8BU8B! UM9MRNIIPRTI8N8IRC 8BU8B!
AD=. U898PT8PSSIBI8RM8T 8BUR! U898PT8PSIPNR8RM8T 8BUR!
ADK. T9CP8RIT8TMI8SSM8 8BU8B! T9CP8RIT8TMI8SSM8 8BU8B!
ADU. US9RRNRBBM8NNCBNSC 8BU8B! US9RRNRBBSICBCBNSC 8BU8B!
ADC. UI98SSIMCITTBCRI88 8BUR! UI98SSIMCITTBCRI88 8BUR!





)((%*%&-$%,%&! ,1),! (-#*Y! ()*'[&),%! ,1'/! e'.Y! -0! 7%&,#&[),'-./! ,1%&%0-&%! ).! )((#&),%!
$-Y%*'.3!-0!,1'/!Y5.)$'()*!.-'/%!$#/,![%!)(1'%4%Y9!!
;.! ,1%! 2#.-! ()/%! 0'4%!$)'.! /#&0)(%/! 1)4%! [%%.! 'Y%.,'0'%Y^! ,1%! ,1&%%! /-*)&! )&&)5/\! ,1%!
/7)(%(&)0,! [#/! ).Y! ,1%! 1'31! 3)'.! ).,%..)9! E**! ,1%/%! /#&0)(%/! )&%! (-./'Y%&%Y!






















$. ;%+Y%$($,. B%)('. 9V2(",V%$. /Vf(.
>. +-*)&!)&&)5! >*),!7*),%! "-&$)*!7-'.,'.3!<)&,1! E&%)!t!8T!$C!
D. +-*)&!)&&)5! >*),!7*),%! "-&$)*!7-'.,'.3!<)&,1! E&%)!t!8T!$C!
H. +-*)&!)&&)5! >*),!7*),%! "-&$)*!7-'.,'.3!<)&,1! E&%)!t!8T!$C!
G. JQE! E.,%..)! E6'/!7-'.,'.3!<)&,1!
L)Y'#/!t!89CS!$!
H%7,1!t!B9MP!
P. @#/! :5*'.Y%&! E6'/!7-'.,'.3!<)&,1! !
61\'(.G<G<./Y1"("21[,."%+Y%$($,-.)V+($-V%$-<.
=1%! -7,'()*! 7&-7%&,'%/! -0! ,1%! /#&0)(%/!$#/,! )*/-! [%! /7%('0'%Y9!E! (%&,)'.! &),'-! &! -0! ,1%!
'.(-$'.3! &)Y'),'-.! '/! &%0*%(,%Y9! =1%! &%0*%(,%Y! &)Y'),'-.! '/! '.!7)&,! &%0*%(,%Y! /7%(#*)&*5!
W/X\! ]1'*%! ,1%! &%$)'.'.3! 7-&,'-.! '/! Y'00#/%! &%0*%(,'-.9! =1%! /7%(#*)&! &%0*%(,'4',5!









$. ;%+Y%$($,. /Y("0'12."%([[V"V($,. 9V[[0-(."%([[V"V($,.
>. +-*)&!)&&)5! B9B8N! B98CCN!
D. +-*)&!)&&)5! B9B8N! B98CCN!
H. +-*)&!)&&)5! B9B8N! B98CCN!
G. JQE! B9BIN! B98PNB!
P. @#/! B9BIN! B98PNB!
61\'(.G<P<./Y1"("21[,."%+Y%$($,-.%Y,V"1'.Y2%Y(2,V(-<.
=1%!/7)(%(&)0,!$)//!(1).3%/!Y#&'.3! ,1%!$'//'-.![%()#/%!-0! ,1%! 0#%*!(-./#$7,'-.! 0-&!





=1%! 7%&,#&[),'-./! 7&%/%.,! '.! ,1%! /'$#*),'-.! )&%! ,1%! /-*)&! &)Y'),'-.! 7&%//#&%\! ,1%!
7*).%,)&5! )*[%Y-! ).Y! ,1%! 2#7',%&! '.0&)&%Y! ,1%&$)*! %$'//'-.9! E$-.3! ,1%/%\! -.*5! ,1%!
/-*)&! &)Y'),'-.! 7&%//#&%! ().! 7&-Y#(%! )! /'3.'0'().,! %00%(,! -.! ,1%! /7)(%(&)0,! ,&)b%(,-&59!
=1%! /7)(%(&)0,! ),,',#Y%! Y#&'.3! ,1%! 3&)4',5! /('%.(%! -&[',/! 7*)(%/! $-/,! -0! ,1%! /#&0)(%!
W/-*)&!)&&)5/X! 0)('.3! ,1%!<)&,1! W]1'(1! 0&-$! 2#7',%&! '/! ).3#*)&*5! (*-/%! ,-! ,1%!+#.X!).Y!
.%)&*5!-&,1-3-.)*!,-!,1%!.)Y'&!Y'&%(,'-.9!!
A"!"B"! C61%$*$%;'%('60*-$.::4$.*


















C1 ! '/!,1%!/-*)&!0*#6!(-./,).,!),!8!EK! C1 =
!1AUr1AU2












































! s ! '/!,1%!+#.U7*).%,!(%.,%&U7-'.,!D!).3*%9!
! ! '/!,1%!).3*%![%,]%%.!,1%!7*).%,!(%.,%&U7-'.,!D!).Y!7-'.,!DU/7)(%(&)0,!Y'&%(,'-.!
4%(,-&/9!
Nˆi ! '/!,1%!/7)(%(&)0,!(-$7-.%.,! i !-&'%.,),'-.!4%(,-&!W/#&0)(%!.-&$)*!-&!)6%/X9!
FTi \FRi ! )&%!d#).,','%/!Y%7%.Y'.3!#7-.!,1%!/1)7%/!-0!,1%!/7)(%(&)0,!(-$7-.%.,/9!















;.! ,1%! ()/%! -0! ,1%! 2#7',%&! ',! 1)/! [%%.! (1-/%.! ,1),! ,1%! )*[%Y-! (-%00'('%.,! 1)/! ,1%! /)$%!
4)*#%!0-&!%)(1!7-'.,!-.!2#7',%&!/#&0)(%9!
l,m = 0 C00A = 0.52




























<! '/! ,1%!7*).%,!%$'//'-.!(-%00'('%.,9! ;,! '/!%67&%//%Y! '.! ,%&$/!-0!/71%&'()*!1)&$-.'(/! ,-!
&%7&%/%.,!,1%!4)&')['*',5!-0!,1%!7-]%&!%$',,%Y!-4%&!,1%!7*).%,!/#&0)(%9!


















/1-]/! ,1),! ,1%! 7-]%&! %$'//'-.! '/! c-.)**5! Y'00%&%.,'),%Y9! =1'/! [%1)4'-&! ().! [%!
&%7&%/%.,%Y![5!)!c-.)*!%67)./'-.!-0!,1%!%$'//'-.!(-%00'('%.,9!
=1%! &%)*'c),'-.! '.! =)[*%! M9N! '/! .-,! &%7&%/%.,),'4%! -0! ,1%! &%)*! 2#7',%&! %$'//'-.9! =1%!
(-%00'('%.,/!)&%!(-$7#,%Y![5!)77&-6'$),'.3!,1%!*),',#Y'.)*!4)&')['*',5!-0!,1%!0*#6!]',1!
/#7%&'$7-/%Y! 1'31%&! Y%3&%%! 4)&'),'-./9! =1'/! e'.Y! -0! $-Y%*'.3! '/! #/%0#*! ,-! /,#Y5!
7-//'[*%!'.,%&0%&%.(%!-0!,1%!7%&,#&[),'-.!]',1!,1%!3&)4',5!/'3.)*!W$)'.*5!c-.)*X9!
'. B. Cl,mE .
R. B! 89BC!
>. B! S9NI 8BUC!
D. B! UM9PM 8BU8!
H. B! U89BN 8BU8!
G. B! N9RB 8BUI!
P. B! P9TC 8BUC!
=. B! U898B 8BU8!
K. B! US9RR 8BUC!
U. B! 89CT 8BUC!
C. B! T9PT 8BUI!





































=1%! './,&#$%.,! &%d#'&%$%.,/! /,),%! ,1),! ,1%! %67%(,%Y! %&&-&! '.! ,1%!H-77*%&!-[/%&4)[*%!
/1-#*Y! .-,! %6(%%Y! S 8BUI! $$h/! ,]-U])5! ),! 8BBB! /! '.,%3&),'-.! ,'$%9! =1'/! %&&-&!
(-&&%/7-.Y/!,-!)!,]-U])5!E**).!Y%4'),'-.!-0! ! y 1000 s( ) =1.67 !10"14 9!
=1%!?HD!Y-%/!.-,!)**-]!,1%!3%.%&),'-.!-0!-[/%&4)[*%/! '.!_)U[).Y9!E.!%d#'4)*%.,!VU
[).Y! '/! )Y-7,%Y9! =1%! E**).! Y%4'),'-.! '/! ()*(#*),%Y! 0-&! )! /'3.)*! '.! _)U[).Y\! [#,! ,1%!
0&%d#%.(5! '/! VU[).Y! WP9C! QJcX9! =1%! %00%(,'4%! 0&%d#%.(5! Y%4'),'-.! ().! [%! (-$7#,%Y!
#/'.3!,1%!0-**-]'.3!%d#),'-./^!
! y 60 s( ) = 100060 ! y 1000 s( ) = 6.8 !10
"14


















,1%!)((%*%&),'-./!)00%(,'.3! ,1%! /7)(%(&)0,! ,&)b%(,-&5!).Y!(-./%d#%.,*5! ,1%!-[/%&4)[*%/9!
=1'/! $-Y%*! 1)/! ,-! &%*5! -.! 7&%/%.,! Y)5! )((%7,%Y! $%)/#&%$%.,/! ).Y! 3%-715/'()*!
)//#$7,'-./9!
=1%! /%(-.Y! /,%7! '/! ,-! Y%0'.%! ,1%! ]%'31,! ,-! )77*5! ,-! ,1%! -[/%&4)[*%/9! ;.! &%)*! Y),)!










?.! ,1%! -,1%&! 1).Y\! ,1%!$-/,! '.)((#&),%! -0! ,1%$!$#/,! [%! (-&&%(,%Y! '.! ,1%! %/,'$),'-.!
7&-(%//!%4%.!'0!,1%'&!Y%,%&$'.),'-.!'/!.-,!,1%!$)'.!-[b%(,'4%!-0!,1%!%67%&'$%.,9!
E/! )! /,)&,'.3!7-'.,\! ',! 1)/! [%%.! (1-/%.! ,1),! ,1%!$-Y%*! -0! #.'4%&/%! 0-&! ,1%! %/,'$),'-.!







=1%&%0-&%! )**! .-.U3&)4',),'-.)*! )((%*%&),'-./! &%/#*,! 7%&0%(,*5! ()*'[&),%Y! -.(%! ,1%!
%/,'$),%Y! ,&)b%(,-&5! /#00'('%.,*5! )77&-6'$),%/! ,1%! )(,#)*! -.%9! ;,! '/! %d#'4)*%.,! ,-! /,),%!










=1%! 3&)4',5! 0'%*Y! -0! 2#7',%&! '/! ,1%! $)'.! -[b%(,! -0! ,1%! /,#Y59! ;,! '/! '.',')**5! /%,! ,-! ,1%!
0-**-]'.3!4)*#%/9!
I%)3. E121+(,(2. M1'0(.
P. QO! 89CNP8CPNMTITCP8R 8BT! km3 s2 !
PCC. 2C! N9SPCMMCTSPCCBP8T 8BUI!
PCC. 2I! UC9MICPIMP8CP8BIST 8BUP!
PCC. 2M! U89RSP8IMIBSCS8NNS 8BUM!
PCC. 2N! R9MRRI88NICBNBBNB 8BUN!
PCC. eC! B9S!
PCC. eI! B9S!
PR>. QO! S9RSRR8NBIIM8BMBM 8BI! km3 s2 !













PRH. QO! R9TTPTIMMSIIIM8MM 8BI! km3 s2 !







/'$#*),%! ,1%! ,&)(e'.3!Y),)9!?[4'-#/*5! ,1%!)((%*%&),'-.! '/!Y%7%.Y%.,!-.! ,1%!/7)(%(&)0,!
/,),%!4%(,-&!),!%)(1!'.,%3&),'-.!.-Y%9!;.!7&'.('7*%!'0!,1%!'.,%3&),%Y!,&)b%(,-&5!(-'.('Y%/!
]',1!,1%!)(,#)*!-.%!.-!)((%*%&),'-.!Y'00%&%.(%!]-#*Y!(-$%!0&-$!,1'/!$-Y%*/9!!
E!$'/$-Y%*'.3! -0! ,1%! /7)(%(&)0,! 7&-7%&,'%/! -&! -0! ,1%! .-.U3&)4',),'-.)*! )((%*%&),'-./!




=1%! ]%'31,! )77*'%Y! ,-! ,1%! -[/%&4)[*%/! '/! Y%0'.%Y! )/! W=)7*%5" %+" -1:\! CBBMX
WEIGHT =1 ! 2 9!

















=1%!%*%4),'-.!Y%7%.Y%.,! 0)(,-&! '/! '.,&-Y#(%Y! ,-!Y%U]%'31,! ,1-/%!Y),)!(-**%(,%Y!]1%.!
,1%!/7)(%(&)0,!'/!),!).!%*%4),'-.![%*-]!CB!Y%3&%%/9!;.!,1'/!()/%/!,1%!&)Y'-!/'3.)*!1)/!,-!

























=1%! 2#7',%&! QO\! ,1%! 3&)4',5! 0'%*Y! /71%&'()*! 1)&$-.'(/! (-%00'('%.,/! ).Y! ,1%! G-4%!
.#$[%&/! -0! Y%3&%%! C! ).Y! I! (-$7-/%! ,1%! 3*-[)*! 7)&)$%,%&/! /%,9! =1%! 3&)4',5! 0'%*Y!
(-%00'('%.,/! )&%! .-&$)*'c%Y! )**-]'.3! )! 0)/,%&! (-$7#,),'-.! -0! ,1%! 7)&,')*! Y%&'4),'4%/9!








LB. C!e$Ih/C! ! ;PcG. 89PTB 8BUT!
AD. R9IR8 8BUP! ! /PcG. 89M8T 8BUP!
;Dc>. 89NT8 8BUN! ! ;PcP. P9PIM 8BUT!
/Dc>. I9BSN 8BUN! ! /PcP. I9NRC 8BUP!
;DcD. C9NBR 8BUN! ! A=. 89MMT 8BUS!
/DcD. 898PM 8BUN! ! AK. 89PPR 8BUN!













;Hc>. N9NCB 8BUN! ! AC. R9BTI 8BUP!
/Hc>. S9STC 8BUN! ! A>R. M9MNN 8BUP!
;HcD. T9MRB 8BUP! ! A>>. T9SMM 8BUP!
/HcD. M9CRR 8BUP! ! A>D. 89INI 8BUP!
;HcH. 89NSP 8BUN! ! A>H. M9CCM 8BUP!
/HcH. 89IMT 8BUT! ! A>G. N98TN 8BUT!
AG. S9NBB 8BUN! ! A>P. 89C8S 8BUP!
;Gc>. C9BRP 8BUN! ! A>=. 89NIP 8BUP!
/Gc>. I9RPP 8BUN! ! A>K. N9SIR 8BUT!
;GcD. R9R8M 8BUP! ! A>U. P9NRC 8BUT!
/GcD. S9ST8 8BUP! ! A>C. C9SMT 8BUT!
;GcH. C9CPN 8BUT! ! ADR. C9SM8 8BUT!
/GcH. 89M8B 8BUP! ! AD>. 8988T 8BUT!
;GcG. 89BP8 8BUP! ! ADD. S9RIP 8BUT!
/GcG. I9CSM 8BUP! ! ADH. C9BB8 8BUT!
AP. P9SNB 8BUT! ! ADG. N9RTN 8BUT!
;Pc>. S9B8C 8BUT! ! ADP. N9CRN 8BUR!
/Pc>. I9CSN 8BUP! ! AD=. 89N8T 8BUT!
;PcD. 89P8B 8BUN! ! ADK. 8988S 8BUT!
/PcD. T9TR8 8BUP! ! ADU. P9RMI 8BUR!
;PcH. S9RRR 8BUP! ! ADC. M98BT 8BUT!
/PcH. 89S8C 8BUP! ! AHR. N9BTM 8BUR!
61\'(.G<C.L21^V,3.[V(').*'%\1'."%([[V"V($,-.&V,W.1--%"V1,().1.Y2V%2V.0$"(2,1V$,3.b$%2+1'Vf()d<.
;.! ,1%! ?HD! ,1%! G-4%! .#$[%&/! )&%! Y%0'.%Y! [5! Y%3&%%! ).Y! -&Y%&\! ,-! )**-]! ,1%!

























































































s1 ! ! 2#7',%&!$%).!&)Y'#/9!
a1 ! ! 2#7',%&!%d#),-&')*!&)Y'#/9!
R, !! , !" ! 7%&,#&['.3![-Y5!/71%&'()*!(--&Y'.),%/!'.!)!2#7',%&!(%.,%&%Y!2#7',%&!0'6%Y!
0&)$%9!
=1%!Y%3&%%! .! G-4%! .#$[%&! '/! ,1%&%0-&%! %67&%//%Y! [5! .g8! 7)&)$%,%&/9! ;.! ,1%! (#&&%.,!
).)*5/'/! %)(1! 3&-#7! -0! .g8! 7)&)$%,%&/! '/! )! 7&'-&'! (-&&%*),%Y! ]',1! (-&&%*),'-.! '.Y%6!
%d#)*! ,-! 8! W-&! )! 4)*#%! (*-/%! ,-! 8! ,-! )4-'Y! /'.3#*)&','%/X! '.! -&Y%&! ,-! 1)4%! )! #.'d#%!


























=1%! =)[*%! M98C! ).Y! ,1%! 7*-,! '.! >'3#&%! M9R! /1-]/! ,1%! &%/#*,/! 0-&! ,1%! c-.)*! 3&)4',5!
/7%(,&#$9!
E121+(,(2. T%2+1'.0$"(2,1V$,3. @-,V+1,V%$.@22%2. @-,V+1,().^1'0(.
AD. C9BC 8BU8B! I9PT 8BU88! N9SPIBBIISNRNN8N 8BUI!
AH. 89NC 8BU8B! C98R 8BU88! UC98RMCMNTTP8BBMC 8BUT!
AG. 89BT 8BU8B! M9CR 8BU88! U89RSPBTB8MBBCSBC 8BUM!
AP. 89PN 8BU8B! 89NP 8BU8B! R9CIIBISNTSSNIN8 8BU8B!
A=. I9BC 8BU8B! 89PR 8BU8B! T9SPRMMICISMPP8C 8BUN!
AK. S9SC 8BU8B! N9TM 8BU8B! 89TMPCNMBBM8ITBC 8BUT!
AU. R9RI 8BU8B! N9CP 8BU8B! UM9SRIINSCT8TSSPN 8BUP!
AC. 89PI 8BUR! T9R8 8BU8B! UT98R8PBTMIN8STMP 8BUR!
A>R. C9TT 8BUR! S9BT 8BU8B! C98TB8P8SINBTINC 8BUT!
A>>. M9SN 8BUR! I9RB 8BU8B! T9RIISRCNS8BB8S8 8BUR!
A>D. N9PR 8BUR! R9MI 8BU8B! UC98IIPIIMST8TTNI 8BUR!
A>H. R9SC 8BUR! 898R 8BUR! US9M8PBBBT8TSSRBC 8BUR!
A>G. 89CS 8BUT! I9IN 8BUR! C9TSIPSMM8RSIMIT 8BUR!
A>P. 89SC 8BUT! C9RB 8BUR! U89NT8CIMRTINCBCC 8BUR!
A>=. 89PB 8BUT! I9RS 8BUR! S9STCSPTCBSMSTSP 8BUR!
A>K. 89PS 8BUT! 89PC 8BUR! UC9IPTTNPCMMBPIRP 8BUR!
A>U. 89N8 8BUT! 89NN 8BUR! C9MCNBRPRNSTIBN8 8BUR!
A>C. 89IM 8BUT! C9PI 8BU8B! S9CPRNPSTMCPSITT 8BU8B!
ADR. 89BS 8BUT! I9PT 8BU8B! 89CM8MIBTSSMRCBI 8BU8B!
AD>. T9RP 8BUR! 89RR 8BU8B! I988BRMS8MNPCSIB 8BU8B!
ADD. R9IP 8BUR! 89MR 8BUR! C9BTSIS8TCCPPCRP 8BUR!




























ADG. P9NS 8BUR! 89TB 8BUR! 89BRPRSIPPNRITST 8BUR!
ADP. S9SN 8BUR! I9MT 8BU8B! C9TS88PBPTRNSINT 8BU8B!
AD=. S9ST 8BUR! 89BP 8BUR! R9BTRBINBSBMMIPN 8BU8B!
ADK. S9SN 8BUR! M98C 8BU8B! S9CISPR8RCITRBIP 8BU8B!
ADU. S9IB 8BUR! P9TI 8BU8B! P9BISSSRTBMSCIC8 8BU8B!
ADC. I98P 8BUR! T9MP 8BU88! UI9CNBPSIMBBI8BRT 8BU8B!
AHR. C9BM 8BUR! S9MI 8BU8B! N9BISCSMI88SSITS 8BU8B!
61\'(.G<>D.k%$1'.*21^V,3.(-,V+1,V%$.2(-0',-<.
!
TV*02(. G<C.k%$1'. *21^V,3. -Y(",20+<.6W(.\'1"#. "%$,V$0%0-. 'V$(. 2(Y2(-($,-. ,W(. -V+0'1,(). m,20(m. *21^V,3.
[V(')<. 6W(. )1-W(). 2(). 'V$(. V-. ,W(. 1. Y2V%2V. 0$"(2,1V$,3. "%22(-Y%$)V$*. ,%. ,W(. *21^V,3. Y(2,02\1,V%$.
Y2%)0"().V[.,W(.&W%'(.Y'1$(,n-.+1--.Y12,V"VY1,(.,%.,W(.f%$1'.&V$)-.+%,V%$.b+0',VY'V().\3.>Rd<.6W(.2().




-0! 2#7',%&9! L'31,! )0,%&! 2M! ,1%! #.(%&,)'.,5! /,)&,/! ,-! '.(&%)/%! &)7'Y*5! #.,'*! )! 7&'-&'!
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;.! ('&(#*)&! -&[',! ()/%/! -.%! -0! ,1%! 7-//'[*%! )77&-)(1%/! '/! ,-! Y%0'.%! )! .%]! [)/'/! -0!
0#.(,'-./!,1),!7&%/%&4%/!*-()**5!,1%!-&,1-.-&$)*!7&-7%&,5!-.!,1%!/)$7*%Y!&%3'-.!-0!,1%!
/71%&%9!=1'/![)/'/! '/!()**%Y!+*%7').![)/'/!WE*[%&,%**)"%+"-1:\!8RRRX9!=1%![)/'/! '/! *-()*'c%Y!
-.*5! ),! )! 0'6%Y!Y'/,).(%! 0&-$! ,1%!7*).%,9! =1'/! )77&-)(1! '/! .-,! )77*'()[*%! ,-! ,1%! 2#.-!
()/%!/'.(%!,1%!-&[',!'/!1'31*5!%**'7,'()*!).Y!(-./%d#%.,*5!,1%!b-4'(%.,&'(!&)Y'#/!(1).3%/!
(-.,'.#-#/*5!Y#&'.3!,1%!,&)(e'.3!7)//9!
E.-,1%&! 7-//'[*%! )77&-)(1! '/! ,-! Y%0'.%! *-()*! $)//! ).-$)*'%/! W%939! &'.3! $)//!
(-.(%.,&),'-./X!]1-/%!$'//'-.! '/! ,-!)[/-&[!,1%!1'31!Y%3&%%!c-.)*!3&)4',5!/'3.)*9!=1'/!
,%(1.'d#%!$'31,! &%/#*,!7)&,'(#*)&*5!%67%./'4%! '0! *-.3',#Y'.)*!4)&'),'-./!-0! ,1%!3&)4',5!
0'%*Y!$#/,![%!,)e%.!'.,-!)((-#.,9!
E!$-&%! 7&)(,'()*! )77&-)(1! '/! ,-! [#'*Y! )! +'.3#*)&! A)*#%! H%(-$7-/','-.! 0'*,%&\! ]1'(1!
%*'$'.),%/!0&-$!,1%!%/,'$),'-.!,1%!#.-[/%&4)[*%!*'.%)&!(-$['.),'-.!-0!7)&)$%,%&/9!
>'3#&%! M98M\! >'3#&%! M98S\! >'3#&%! M98N\! >'3#&%! M98P! /1-]! ,1%! &%/#*,/! 0-&! ,1%! 3&)4',5!
/7%(,&#$!-0!,1%!*-]!Y%3&%%!,%//%&)*!(-%00'('%.,/9!=1%!&%/#*,/!)&%!)*/-!&%7-&,%Y!'.!=)[*%!
M98I9!
E121+(,(2. T%2+1'.0$"(2,1V$,3. @-,V+1,V%$.@22%2. @-,V+1,().^1'0(.
AD. C9BC 8BU8B! UI9PT 8BU88! N9SPIBBIISNRNN8N 8BUI!
;Dc>. R9MC 8BU88! S9SI 8BU88! US9SCSBRSMRBNCBNT 8BU88!
/Dc>. 898S 8BU8B! UI9SC 8BU88! I9SCMC8BBPCNRTMP 8BU88!
;DcD. C9PP 8BU8B! UI9SM 8BU8B! I9SINRTPRPPBRB8I 8BU8B!
/DcD. C9NM 8BU8B! 89MP 8BU8B! U89MPB8NNSPCITRIM 8BU8B!
. ! ! !
AH. 89NC 8BU8B! C98R 8BU88! UC98RMCMNTTP8BBMC 8BUT!
;Hc>. N9RC 8BU88! UC9RN 8BU88! C9RNMC8MTTNMITCM 8BU88!
/Hc>. N9BP 8BU88! M9CS 8BU88! UM9CMSTTMCBITCMSC 8BU88!
;HcD. 89RN 8BU8B! C9TI 8BU8B! UC9TIBBCBBIPTSTSI 8BU8B!
/HcD. 89TP 8BU8B! UC9MP 8BU8B! C9MPM8NIMTPMMBIM 8BU8B!

















/HcH. 89CB 8BU8B! M9II 8BU88! UM9IIINMNMSC8PTIM 8BU88!
. ! ! !
AG. 89BT 8BU8B! UM9CR 8BU88! U89RSPBTB8MBBCSBC 8BUM!
;Gc>. R9TC 8BU88! U89NS 8BU88! 89NMSPPCRTSNPPSC 8BU88!
/Gc>. T9NR 8BU88! S9RC 8BU88! US9RCB8RTNNBTMPTT 8BU88!
;GcD. T9CN 8BU88! M9TR 8BU88! UM9TTRBTCRSPMICRB 8BU88!
/GcD. R9SB 8BU88! C9T8 8BU88! UC9TBP8NIMPBMBM8T 8BU88!
;GcH. 89CM 8BU8B! U89RB 8BU88! 89RBMPPMMMTPTBRP 8BU88!
/GcH. 89MC 8BU8B! U89MT 8BU8B! 89MPRR8ITTBMTBCB 8BU8B!
;GcG. P9BS 8BU88! U89SN 8BU8B! 89SNCTBRCNSTIMMT 8BU8B!
/GcG. N9NM 8BU88! T9IR 8BU88! UT9ITS8RIRTPBMPTI 8BU88!
. ! ! !
AP. 89PN 8BU8B! U89NP 8BU8B! R9CIIBISNTSSNIN8 8BU8B!
;Pc>. T9BM 8BU88! U8988 8BU8B! 89888TCICN8BTRN8 8BU8B!
/Pc>. P988 8BU88! US9MC 8BU88! S9MCIRSIBINNTPIC 8BU88!
;PcD. S9II 8BU88! UM9SP 8BU88! M9SNTIIMSCTCIISI 8BU88!
/PcD. S9P8 8BU88! 89CI 8BU8B! U89CIINCB8BPNTC8I 8BU8B!
;PcH. T98S 8BU88! T9BM 8BU88! UT9BIS8TCPPCPNII8 8BU88!
/PcH. P9PP 8BU88! N9BM 8BU88! UN9BITMPTIICRITNI 8BU88!
;PcG. S9IP 8BU88! UM9BN 8BU88! M9BST88RMMMCCCMP 8BU88!
/PcG. S9II 8BU88! U89NM 8BU8B! 89NMMMBMNPR8IMSN 8BU8B!
;PcP. I9IS 8BU88! U89NB 8BU88! 89SRR8BCMR8I8NMB 8BU88!
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).Y! )! *)&3%&! .#$[%&! -0! ,1%$! $#/,! [%! '.(*#Y%Y! '.! ,1%! %/,'$),'-.\! ,1%! 0-&$)*!
#.(%&,)'.,'%/!-0!)**!,1%!7)&)$%,%&/!(-#*Y!]-&/%.!%4%.![5!-&Y%&!-0!$)3.',#Y%/!W#7!,-!)!
7&'-&'!/),#&),'-.X9!!
=1%!e.-]*%Y3%!-0! ,1%!QO!-0! 2#7',%&! '/!.-,! '$7&-4%Y![5! ,1%! %67%&'$%.,9!=1%! 0-&$)*!
#.(%&,)'.,5!'/!7&)(,'()**5!%d#)*!,-!,1%!)!7&'-&'!#.(%&,)'.,5!W(09!=)[*%!M98MX9!!
E121+(,(2. T%2+1'.0$"(2,1V$,3. @-,V+1,V%$.@22%2. @-,V+1,().^1'0(.
LB.
b#+HZ-Dd.
89RT! UB9CCS! 89CNP8CPNSBNINNB 8BT!
61\'(.G<>G.A0YV,(2./3-,(+.LB.(-,V+1,V%$.2(-0',-<.
=)[*%!M98S!).Y!>'3#&%!M98T!/1-]!,1%!%/,'$),'-.!&%/#*,/!0-&!,1%!G-4%!.#$[%&/9!
E121+(,(2. T%2+1'.0$"(2,1V$,3. @-,V+1,V%$.@22%2. @-,V+1,().^1'0(.
#D. C9SN 8BUI! S9NI 8BUM! S9CRMIPIBINTMCIT 8BU8!
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,1%! &%3'-.! -0! $'.'$#$! #.(%&,)'.,59! ;0! ,1%! 3&)4',5! ).-$)*'%/! ]'**! [%! /$)**%&! ,1%!
$%)/#&%$%.,! ]'**! [%! ,--! #.(%&,)'.9! +$)**! 3&)4',5! ).-$)*'%/! $)5! &%d#'&%! )! /$)**%&!
%/,'$),%Y!7)&)$%,%&!/%,!,-!0',! ,1%!Y),)\!/'.(%!1'31!Y%3&%%/!c-.)*!(-%00'('%.,/!$'31,![%!
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!"!




























=1%! G%./%U=1'&&'.3! %00%(,! '/! )!$).'0%/,),'-.! -0! ,1%! 3&)4',-$)3.%,'(! 0'%*Y! ).Y! ().! [%!
(-./'Y%&%Y!)/!,1%!3&)4',),'-.)*!).)*-3#%!-0!,1%!G-&%.,c!0-&(%\!,1),!'/!)!0-&(%!-&,1-3-.)*!








































2#7',%&! '/! ,1%! $-/,! $)//'4%! [-Y5! -0! ,1%! /-*)&! /5/,%$\! )7)&,! 0&-$! ,1%! +#.\! ).Y! ',! '/!
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$-$%.,!-0! '.%&,')! C MR2( ) !',! '/!7-//'[*%! ,-!Y%&'4%! ,1%!).3#*)&!$-$%.,#$9! ;.!=)[*%!
S98!)&%!&%7-&,%Y!,]-!Y'00%&%.,!%/,'$),%/!-0!,1%!).3#*)&!$-$%.,#$^!!
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!X* = F X*, t( )












!X = F X*, t( )
!X*
"#$ %$
+ aLT X*, t( )+ ! F + aLT( )!X *
X ! X*( ) !
D)//'.3!,-!,1%!(-&&%(,'-./^!
!x = !X ! !X*( ) = " F + aLT( )X *
x + aLT X*, t( ) = Mx + aLT X*, t( ) !
H'00%&%.,*5! 0&-$! /%(,'-.! I9M98! ,1'/! %d#),'-.! '/! .-,! 1-$-3%.%-#/9! ;,/! '.,%3&)*! '/!
(-./,',#,%Y![5!,1%!/-*#,'-.!-0!,1%!1-$-3%.%-#/!%d#),'-.!7*#/!)!7)&,'(#*)&!/-*#,'-.!
x t( ) =!LT t, t0( )x0 + xP 9!
B"8"!"! C614('60* 6H* (G.* G6/67.0.64:* .K4%('60L* &%$'%('60%1* .K4%('60:*
'0(.7$%('60*
=1%! /-*#,'-.! -0! ,1%! 1-$-3%.%-#/! %d#),'-.! !x = !F
!X *
x '/! 3%.%&)**5! (-$7#,%Y! '.! ,1%!


























































































































































; A = !!!r
!r ; B =
!!!r
!!r ; C =
!!!r
!q0 r, !r=const





















































































































$),&'(%/!$#/,! [%! (-&&%(,%Y! 0-&! ,1%! )YY','-.)*! ,%&$/! (-$'.3! 0&-$! ,1%! G%./%U=1'&&'.3!
)((%*%&),'-.!$-Y%*9!
G%,!
!A = ! F + aLT( )
!r = A +
!aLT
!r = A + "A
!B = ! F + aLT( )
!!r = B +
!aLT
!!r = B + "B
"C = ! F + aLT( )
!q0 r, !r=const
= B + !aLT
!q0 r, !r=const



































































; !Z = (X
( !q
























































































%sin !0 + !!0t( )cos !0 + !!0t( )

































%cos !0 + !!0t( )sin !0 + !!0t( )
%sin !0 + !!0t( )sin !0 + !!0t( )




























= 0 ; !C "W0 =
"!aLT
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Kaïband LenseïThirring Doppler signal
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